The efficacy of a Photosystem II (PS II) -based biosensor for the detection of explosive compounds has been explored. The idea is based on the close similarities in the chemical structures of the widespread explosives and herbicides, with the latter known to inhibit functioning of the PS II by attaching to the binding site of the Q B mobile plastoquinone electron acceptor. The gold screen-printed electrodes (Au-SPE) functionalized with PS II -enriched particles were used for the detection of explosives in a droplet biosensor configuration. A crude preparation of PS II produced from spinach leaves, known as BBY particles, was employed to modify the Au-SPE working electrode employing BSAglutaraldehyde-based immobilization procedure. Inhibition of the PS II functioning was detected by photo-electrochemical measurements in the presence of a mediator (either non-native quinone or ferricyanide). The biosensor was highly responsive to herbicides (as expected) as well as to picric acid, with limits of detection in the nanomolar range, but trace detection of trinitrotoluene (TNT) was not effective. The detection limit for picric acid was 25 nM as compared to ~400 nM for TNT with duroquinone mediator. Low affinity of PS II to TNT has been corroborated by means of DCPIP assay; possible reasons for low affinity are discussed.
Introduction
Nitric explosives (e.g. TNT, RDX, nitrophenols) comprise one of the largest classes of explosives and are frequently used by terrorist organizations around the world because of their ease of manufacture and because of their relative accessibility due to the extensive use by the military and commercial enterprises. Various methods for explosives detection have been developed or proposed so far. Unfortunately, the most sensitive of them, such as liquid or gas chromatography, are relatively slow and require instrumentation that is too complex and expensive for use in the field. Various other approaches have been recently proposed. For example, quenching of the fluorescence of pyrene [1] , Nile Red [2] or semiconductor organic polymers [3] by nitric explosives was described. The latter approach is currently being commercialized [4] . Selective explosives detection using immunosensors is based on the high affinity and selectivity of the analyte / antibody interaction that is detected using either plasmon resonance [5] or changes in the fluorescence or bioluminescence of the reporter proteins incorporated into the antibody [6] . However, antibodies are difficult to prepare, are very analyte-specific and too sensitive to the environment. Summarizing, there is an apparent need to continue the development of new methods of explosives detection, with the long-term objective of making them faster, less expensive, more sensitive and more reliable. One should also note that for the purposes of reducing the number of the false positives, it would be beneficial to introduce systems with several "orthogonal" (i.e. utilizing different physical, chemical or biological principles) detection technologies.
In this paper we discuss the ability of a biosensor based on inhibition of the Photosystem II (PS II) to sense trace levels of explosive compounds. The idea for such sensor is inspired by recent progress in the development of inexpensive and sensitive herbicide biosensors based on photosynthetic reaction centers (RC). Since using PS II for herbicides detection was proposed more than 20 years ago [7] this subject has been explored extensively [8] [9] [10] [11] [12] [13] [14] [15] . It is important to note that the chemical structures of nitric explosives are fairly similar to those of the herbicides detectable by these biosensors ( Figure 1) ; moreover, nitric explosives are known to be strong electron acceptors. Thus, detection of explosives by natural photosynthetic RC-based sensors seems quite promising. Photosystem II is a trans-membrane protein complex responsible for the water splitting and oxygen evolution; it is a part of the electron transfer chain in photosynthesis.
In PS II sunlight energy is utilized for charge separation starting with the formation of Detection of TNT and picric acid will be considered in this manuscript. Herbicide data obtained with the same biosensor will be reported for comparison. Picric acid (2,4,6-trinitrophenol) is a yellow crystalline solid, easily soluble in water. It was widely employed as an explosive during the World War I. It is also used for various laboratory purposes, such as staining biological samples and preservation of specimen. Some optical sensors for the detection of picric acid have been reported [16] [17] [18] [19] . The first evidence of picric acid being an inhibitor of photosynthetic electron transport in Photosystem II (PS II) has been reported a while ago [20] . TNT is used in organic synthesis but is best known as an explosive material with convenient handling properties. Among the commonly used methods for detection of TNT are spectrophotometric [21, 22] , immunoassay [5, 23] and electrochemical [24] . TNT is a very strong electron acceptor and this property was used recently for detection employing quenching of photoluminescence of polysiloles [25] .
The solubility of TNT in water is about 100 mg/L at room temperature [26] . TNT is known to inhibit the growth of the plants and to affect PS II fluorescence [27] , although the exact mechanism of these effects was not elucidated.
Materials and methods

Reagents
All chemicals except TNT were purchased from Sigma-Aldrich; TNT was purchased from ChemService, USA. Organic baby spinach leaves were obtained from local food retailers.
Isolation of PS II-containing particles
The BBY particles (in honor of Berthold, Babcock and Yocum [28] ) are PS IIenriched membrane fragments. They are obtained by treating thylakoids with Triton X-100 and centrifugation and are mostly devoid of Photosystem I (PS I). Note that the hydrophobic mediator may travel within the remaining membrane to reach its binding site. The oxygen evolving capacity is also preserved. The particles were isolated from spinach leaves according to [29] . All the steps of extraction were carried out in dim green light at low temperature (samples on ice or procedure in cold room). The leaves were washed, depetiolated and then ground with blender in homogenising buffer (20 mM MES (2-(N-morpholino)ethanesulfonic acid), pH 6.0, 15 mM NaC1, 5 mM CaC1 2 ). After filtering through cheesecloth (16 layers) the material was centrifuged for 10 min at 10,000 g. Pellet (containing chloroplasts) was resuspended in homogenising buffer to a concentration of 2 mg Chl/ml. The chlorophyll concentration was determined by the method of Arnon [30] . Triton X-100 solution was added to a final concentration of 25 mg/mg Chl. After 15 min of gentle stirring the suspension was centrifuged for 25 min at 40,000 g. The particles were resuspended in homogenising buffer supplemented with 0.4 M sucrose, then centrifuged for 5 min at 2,000 g to remove starch, then sedimented once more for 25 min at 40,000 g. The prepared particles were stored at −70 °C until used. The oxygen evolution activity as measured by DCPIP (Dichlorophenolindophenol; see Section 2.5) assay for BBY sample was ∼90 (µmol/mg Chl/h).
A different protocol, not involving enriching the samples with PS II was employed for comparison. Deveined spinach leaves were crushed in a blender with homogenizing buffer. The homogenate was filtered through cheesecloth and the filtrate was centrifuged for 2 min at 2500 g at 4 °C. The resulting pellet was then resuspended in the homogenising buffer diluted 20 times. This step was used to lyse the chloroplast membranes. The resulting solution was then crushed in a Wheaton mixer and centrifuged for 3 min at 3500 g. The resulting pellet contained the purified membranes. They were then resuspended in a measuring buffer (15 mM MES, pH 6.5, containing 0.5 M mannitol, 0.1 M NaCl, 5 mM MgCl 2 , and 5
. 10 -5 M chloramphenicol) to obtain a final concentration of chlorophyll-containing thylakoid membrane fragments between 2 and 3 mg/ml.
Biosensor preparation
The screen-printed electrodes were purchased from DropSens Inc. ( 
Photo-electrochemical measurements
The electrochemical response of PS II-functionalized electrodes was investigated using the CHI 630C electrochemical workstation from CH Instruments, USA. I-t curves were measured at room temperature, with a 50 µl droplets of the measuring buffer solution placed onto the working area covering the three electrodes. During the measurement the electrodes were illuminated with red light from a 7 mW 670 nm LED (Sanyo DL3149-057). In case of duroquinone (DQ) the working electrode was polarized at 0.62 V and for ferricyanide (FeCy) the electrode was at 0.36 V [11] . The mediator concentrations were 0.2 mM and 1 mM, respectively. As seen in part B of Figure 
Results and discussion
Quality of the PS II preparation is of crucial importance for biosensor performance. Both intact thylakoids [7, 8, 32, 34, 35] and PS II-enriched BBY particles [10, 11, 31] have been used in electrochemical cells and herbicide biosensors. At low temperature (4 o C) and in the dark both BBY particles [31] and thylakoid membranes [36] can be stored for hundreds of hours. At room temperature the half-life of the immobilized BBY particles and thylakoids is reduced to tens of hours [10, 11, 34] . Our biosensor exhibited approximately 35% decrease of the photocurrent within 7 hours.
Thus, the stability of our biosensor is slightly better than that reported in [11] . Somewhat reduced lifetime of the screen-printed electrode biosensor as compared to [10, 34] is ascribed to release of Ag+ ions from the reference electrode [11] . The performance of biosensors employing both types of PS II preparations was explored. Biosensor with thylakoid membrane fragments exhibited slower response and longer recovery time as well as poorer signal-to-noise ratio as compared to the sensor with BBY particles. Thus, BBY preparation was selected as better suited for biosensor applications. In case ferricyanide (FeCy) was used as a mediator, large residual activity at high inhibitor concentrations was observed due to the nonspecific nature of the FeCy binding, i.e. FeCy most probably can accept electrons from sites other than the Q B site. This result is in agreement with [11] . Therefore, DQ was considered a preferred mediator, as better dynamic range results in somewhat better limits of detection. Nevertheless, data obtained with FeCy as a mediator is still reported for comparison.
Detection of explosives and herbicides
In vivo the herbicides compete with the Q B plastoquinone for its binding site on For measurements of the effect of the herbicides or explosives the biosensor was subjected to a droplet containing the analyte and mediator in measuring buffer, and the light-induced current change was measured after 15 min. This incubation time has been judged necessary in case of BSA-glutaraldehyde immobilization as the analyte molecule has to diffuse to its binding site and that process is slow for gel-matrix system [13] .
Before applying next, higher, concentration of the analyte, the sensor was washed with measuring buffer. Alternatively, a fresh sensor was used to obtain the response at a particular analyte concentration. On starting the measurements with a fresh biosensor the steady state current was higher and the photocurrent signal measurements showed higher standard deviations during the first 25-30 min of the measurement. This may be referred to as a preconditioning phase. Thereafter the signal was largely stable over a period of 3 hours during which the different analyte concentrations could be tested using 15 min incubation time.
The inhibition data for various analytes is plotted as residual activity (in percent)
versus concentration (on a logarithmic scale) in Figure 3 Experimental data were fitted to a logistic equation describing a sigmoidal binding curve:
Here (2) which, again, is reduced to expression from [11] for H=1 and Min=0. The factor of 2.6 corresponds to 99% confidence interval. [Suggested location of Figure 3 ] Table 1 summarizes the data on the limits of detection (LOD) IC50 and other fit parameters for various substances. The LOD for DCMU was comparable to values previously reported in BSA-glutaraldehyde matrix [11] , and better than in [35] . The LOD for picric acid previously reported using luminescence quenching method is 2 µM [36] and by fluorescence emission of hexaphenysilole-chitosan film ∼21 nM [37] . Thus, the present detection limits for picric acid of 25 nM (with DQ) and 29 nM (with FeCy, data not shown) constitute a significant improvement over that for luminescence quenching, and is comparable to that of the fluorescence detection method. Interestingly, the LOD for picric acid is significantly better than that reported in [11] for several nitrophenolic herbicides, indicating that BSA-glutaraldehyde matrix does not impede diffusion of picric acid to such a degree. The LOD and IC50 observed for picric acid in this work fall into the same range as observed for nitrophenolic herbicides using Clark electrode [10] . The IC50 value observed in this work is also in reasonable agreement with 0.15 µM reported in [20] . [Suggested location of Table 1 
Possible mechanism of DCMU, TNT and picric acid binding at the Q B Site
The PS II-based biosensor shows high inhibition effect for classical herbicides such as DCMU, the effect slightly decreases for picric acid and is strongly reduced for TNT. The occurrence of a methyl group in TNT instead of hydroxyl group could pose significant limitations to the ability of TNT to bind to the Q B site, as sufficient number of hydrogen bonds may not be formed. To test these ideas AutoDock 4 software [38, 39 ] has been employed for modeling of the docking of the above ligands to the Q B binding site.
AutoDock takes into account dispersion-repulsion, electrostatics, hydrogen bonds and desolvation terms. Q B plastoquinone was removed from the cyanobacterial PS II complex structure (pdb code 3BZ1 [40] ; the high-resolution structure of PS II from spinach is not available) using PyMol to allow for modeling of binding of herbicides and explosives to the empty Q B site. The latter was defined as the vicinity of the following D1 residues:
HIS 215, PHE 255, SER 264 and PHE 265 which are most involved in herbicide binding according to mutation studies ( [41] and references therein). These residues, along with MET 214, LEU 218, ALA 251 and LEU 271 comprise the Q B site according to structure data [40, 42] . Surprisingly, the calculated binding affinities of all of the compounds studied are comparable and are not correlated with their ability to inhibit electron transfer in our biosensor. The optimal positions of DCMU, picric acid and TNT in the Q B binding pocket are depicted in Figure 4 . Note that TNT still appears to form hydrogen bonds with the Q B pocket residues. As discussed above with respect to the DCPIP experiment, the BSA-glutaraldehyde matrix does not limit the accessibility of the Q B site to TNT. We are left with several non-trivial possibilities. First, one could argue that the native membrane, present in both biosensor and DCPIP experiments and for both BBY particles and thylakoid membrane particles not enriched with PS II, adversely affects the accessibility of the Q B binding site to TNT. Alternatively, one could suggest the presence of an alternative site for TNT docking, with very high affinity, and with binding to this site not affecting electron transport. In both cases the effective concentration of TNT experienced by the Q B site would be significantly lower than TNT concentration in solution. With respect to the second mechanism we note that a TNT binding site with similar affinity has been discovered on the CP43 protein of PS II by accident in the course of our modeling study. However, a site with the affinity just comparable to that of the Q B site cannot alone explain our observations. Finally, one could also note (see [43, 44] for the reviews) that nitrophenolic herbicides, to whose class picric acid obviously must be assigned, likely exhibit somewhat different PS II inhibition mechanisms and binding sites as compared to DCMU and triazine derivatives. The concept of several binding sub-sites in the same binding domain has been developed [45] [46] [47] to address the differences between nitrophenolic and other herbicides. Our modeling results indeed indicate that picric acid and DCMU bind to the Q B site in a somewhat different manner (see supplemental information). It has also been suggested that the mechanism of action of nitrophenolic herbicides additionally involves interaction with the electron donor side of the PS II and the respective binding site was proposed ([48] and references within). In the latter case the similar sensitivity of the biosensor to DCMU and picric acid would be purely coincidental. Exploring these possibilities further is beyond the scope of this manuscript, focused on the feasibility of simple and easy to handle PS II-based biosensor for explosives. More light on these issues can be shed by performing similar measurements on isolated reaction centers of purple bacteria. The latter exhibit inhibition by herbicides using mechanism similar to that in PS II, but are much more stable in isolated form.
Conclusions
An detection [7] [8] [9] [10] [11] [12] [13] [14] [15] . The present biosensor also may be employed in environmental protection and pharmaceutical applications for rapid screening of picric acid in water samples [18, 19] 
